Purpose: It aims to verify the applicability of existing age estimation methods derived from data of foreign population groups to Korean population groups. Moreover it is to suggest a new way applicable to practical age estimation on the basis of newly calculated regression formulae from data of Korean population groups and develop a subsidiarily applicable method to the existing method.
INTRODUCTION
life starting right after dentine formation is complete. Most of secondary dentine is deposited at the pulpal side of primary dentine, and the size of the pulp cavity decreases with age. 6, [10] [11] [12] Secondary dentine is divided to regular and irregular dentine (or tertiary dentine); regular secondary dentine is deposited continuously with aging while irregular secondary dentine (or tertiary dentine) is laid down in pathological conditions. Secondary dentine is distinguished from primary dentine, for it has only few dentinal tubules. But, when dentinal tubules are found in secondary dentine occasionally, they are arranged more irregularly in irregular secondary dentine. 13) There is a research result that the degree of the formation of regular secondary dentine is consistent in the same dentition regardless of the degree of attrition. 14) Other researcher said that it is more affected by aging rather than attrition or external stimulus. 13) In age estimation of adulthood, methods applicable to living individuals are limited since invasive methods which need dental extraction cannot be applied. Therefore, for now, it is limited to use the degree of attrition inevitably in the department of oral medicine at university hospitals.
The formation of secondary dentine has received far less research attention and it has been difficult to apply to practical use while various researches with the degree of attrition have been actively conducted in Korea. Although it is difficult to observe and evaluate the formation of secondary dentine in living individuals, it can be identified with the degree of pulp cavity reduction on radiographs at second hand. Kvaal et al. 15) developed an age estimation method, analyzing the reduction of pulp cavity from various angles with measurements between diverse measuring points and ratio conversed from the measurements after radiographing the root apex of central incisors, lateral incisors and second premolars of maxilla, and lateral incisors, canines and first premolars of mandible. The author proved a high correlation between age and the reduction of pulp cavity in the research. It presented a significant result to evaluate the degree of pulp cavity due to the increase of secondary dentine; however, it cannot be applied to multi rooted teeth since it researched on single rooted teeth only.
In 1985, Ikeda et al. 16 5) because of its rationality and usability.
Age determination for adulthood after mid twenties is examined by evaluating and analyzing the degree of regressive changes with age appeared in teeth. In 1950, Gustafson 6) suggested the six histological features of teeth presenting regressive changes: the degree of attrition, periodontal involution, secondary dentin formation, cementum deposition, transparent dentine formation and root resorption, and he derived regression formulae from them. In most of the published methods of age estimation, they do not adopt all of the six histological features of Gustafson, 6) they mostly use one of the features to estimate age. At present, the most-used method in Korea is the one measuring and analyzing the degree of transparent dentin formation 7) and the other mixing measurements of periodontal involution and transparent dentine.
8)
Since Bodecker 9) wrote an article of the correlation between secondary dentine and chronological age in 1925, there have been many academic achievements of its research.
According to the research of Johanson 10) in 1971, he confirmed a high coefficient of the correlation between secondary dentine and chronological age with 0.63 which is the second highest value after 0.84 of the correlation coefficient between transparent dentin and chronological age.
The formation of secondary dentine continues throughout MATERIALS AND METHODS
Materials
We measured and analyzed a sample consisting of pan- We started the research with permission from the Bioethics Council of Yonsei University since it used radiographs originated from human bodies (IRB approval No.
2-2012-0032). We paid attention to prevent any unnecessary disclosure of private information except age and sex in a process of the research.
The research excluded the following teeth presented on panoramic radiographs: carious teeth, fractured teeth, restored teeth due to class II caries, restored teeth due to class I caries but the depth of its restorative material is deep and teeth without a clear sight of its criteria due to the overlap of its major site with other teeth or bones.
Methods
We measured the width and height of dental crown and pulp cavity at the cervical line and calculated the ratio of pulp cavity to dental crown. The tooth-coronal vertical index (TCVI), calculated from the ratio of dental crown height to pulp cavity height, and the tooth-coronal horizontal index (TCHI), derived from the width ratio of dental crown to pulp cavity, were used as variables to estimate age (Fig. 1 ).
The panoramic radiographs were measured and analyzed with π-View Star (Infinitt Healthcare Co., Ltd., Seoul, Korea).
For precise measurement, they were observed with their cementoenamel junctions and divided anatomical dental crown and root at the line. They set clear criteria of measurement for multi rooted teeth such as molars with the coronal height (CH), defined as the vertical distance from the cervical line to the highest cusp, and the coronal pulp cavity height (CPCH), designated as the distance between the cervical line and the highest pulp horn. TCI was calculated from dividing CPCH by CH and then multiplying that value by 100, and they observed the correlation between age and the index. In 1997, Drusini et al. 17) found the correlation between age and TCI and derived equations for age Table 1 . In consequence of the result, regression analysis was conducted using the left and right teeth as different significant indexes.
To verify the applicability of the regression formulae of Drusini (the regression formulae for premolars: age= 77.617-1.4636×TCVI, the regression formulae for molars:
age=76.073-1.4576×TCVI) to actual age estimation of Korean, we analyzed the deviation between calculated age and chronological age substituting TCVI of Korean. As a result, it was considered not to be applicable to Korean in the forensic age estimation with the deviation average from minimum 11.578 years (#26) to maximum 17.013 years (#44) and the standard deviation from minimum 8.615 years to maximum 11.908 years which is considered slightly large (Fig. 2) .
The correlation between age and each dental index (TCHI, TCVI) was found as shown on the Table 2 The measurement ratio of pulp cavity to dental crown was used, because panoramic radiographs always distort the images of objects to be enlarged or scaled down in some degrees, and, therefore, the measurement of height and width on radiographs cannot be applied as it is. We analyzed the ratio using group correspondence analysis, variance analysis, linear regression analysis and step analysis with PASW Statistics 18.0 program (IBM Co., Armonk, NY, USA).
RESULTS
The following results were obtained from 4,034 teeth of 400 patients in 20-69 years (mean±standard deviation,
44.37±14.46 years).
Paired t-test was conducted to confirm the difference between measurements of teeth on both sides from the same Fig. 1 . Methods of teeth measurement on radiographs. We measured the distance from the mesiodistalcementoenamel junction to the highest cusp ( 'A' ) and to the highest pulp horn ( 'B' ) as well as the width of pulp cavity and dental crown at the cervical line. The values of 'B/A' (tooth-coronal vertical index) and 'C/D' (toothcoronal horizontal index) were taken as a variable for age estimation. the difference of significance among the indexes by age, but none of significant difference was found among age groups.
Step analysis is a method making regression equations with indexes which are statistically significant to age only, and the results of the regression formulae with indexes of the correlation coefficients higher than 0.2 are presented on the 
DISCUSSION
For deposition of secondary dentine, many of previous researchers have presented morphological changes of pulp cavity anatomically and reductions of dental crown and pulp cavity in size with radiological and histological findings of adult teeth. The research of Kvaal et al. 15) is one of the most recognized foreign researches regarding deposition of secondary dentine. They measured the size of dental crown and pulp from intraoral radiographs of incisors, canines and premolars and found high coefficients of determination between the size and age ranged from 0.56 to 0.76.
Although the research derived significant results to evaluate the degree of pulp cavity reduction in size due to the increase of secondary dentine, it is still limited to apply to multi rooted teeth since its subjects were single rooted teeth only.
On the other hand, Drusini et al. 17) took note of the method of Ikeda et al. 16) and confirmed the correlation between TCI and age by radiographing 68 premolars and 98 molars of adults, instead of taking histological samples. The correlation coefficients were ranged from -0.73 (female molars) to -0.89 (female premolars), and the standard error was ranged from 8.79 to 10.08 years.
However, some researchers have insisted that the degree of secondary dentine deposition can be affected by not only age but also surrounding environment or genetic factor. Bang 20) said that weather can affect the deposition of secondary dentine, and Woods et al. 21) presented that it can be affected by diverse variables such as dietary habit. In Table 4 .
Step analysis of selective formation with tooth number, TCHI and TCVI   Index  R   2   SE of the  estimate   Male+female  #17 TCHI, #34 TCHI  #17 TCHI, #34 TCHI, #46 TCVI  #17 TCHI, #34 TCHI, #46 TCVI, #27 TCHI  #17 TCHI, #46 TCVI  #17 TCHI, #46 TCVI, #27 TCHI  #17 TCHI, #25 TCHI  #17 TCHI, #25 TCHI, #27 TCHI  #35 TCHI, #35 TCVI  #35 TCHI, #35 TCVI, #34 TCHI  #34 TCHI, #46 TCVI  #34 TCHI, #46 TCVI, #35 TCVI  #34 TCHI, #46 TCVI, #27 TCHI  #46 TCVI, #27 TCHI  Female  #17 TCHI, #46 TCVI  #17 TCHI, #15 TCHI  #17 TCHI, #36 TCVI, #15 TCHI  #17 TCHI, #46 TCVI, #26 TCVI  #17 TCHI, #46 TCVI, #26 TCVI, #45 TCVI  #45 TCVI, #35 TCVI  #45 TCVI, #35 TCVI, #24 TCHI  #17 TCHI, #26 TCVI  #17 TCHI, #26 TCVI, #15 TCHI  Male  #27 TCHI, #46 TCVI  #35 TCHI, has a lower resolution than periapical radiography especially for anterior teeth and it is often difficult to measure specific sites because it cannot be taken at the desired angle.
Although CT allows diverse cross sections to be examined and makes it possible to research in three dimensions in comparison with the limits on directions of panoramic and periapical radiography, it is difficult to apply to clinicians and patients in terms of its equipment and cost. However age estimation method with CT has a high possibility to be used generally in the future, since age estimation is not encountered often in dental treatment and it has become popularized with the improved performance and lower cost due to the technological advance. Therefore we expect that researches regarding this method will be conducted from various angles in the future. Lower canines have been chosen for subjects of age estimation researches with the deposition of secondary dentine since most of them have only one relatively bigger root canal which allows more precise measurement and they normally last the longest. It is also because they are easy to analyze with less attrition, unlike molars attrited by food or anterior teeth worn by particular jobs, and they have the largest pulpal surface among single rooted teeth. On the other hand, multi rooted teeth and multi rooted canal are difficult to be read on radiographs by overlap, distortion and blur of the images. First and second premolars were particularly difficult to measure due to the axial angle of addition, Kvaal et al. 15) suggested examining the accuracy of their work by asking various researchers to apply the regression formulae, derived by Kvaal et al., 15) to age groups of each population. Kanchan-Talreja et al. 22) examined the method of Kvaal et al. 15) using radiographs of root apex of Indian with the paralleling method and bisecting angle technique, but they suggested their own regression formulae due to the low applicability of Kvaal et al. 's method. 15) Cameriere et al. 23) also verified the applicability of the regression formulae of Kvaal et al. 15) for Portuguese and de- Although diverse radiography can be used to measure the structure of teeth, we planned the study with panoramic radiography to make it applicable for practical use often in spite of its disadvantage with a high possibility of image overlap of multiple bone structures and image distortion, because it is the most widely used radiography and it has a high usability taken frequently in general dental treatments.
Radiologic methods to observe the change of pulp cavity in size due to the deposition of secondary dentine with age are periapical radiography, panoramic radiography, computed tomography (CT), etc.
Periapical radiography allows the most clear and precise analysis of a small number of teeth with ease. The shape and size of teeth on periapical radiographs can be different from those of the original teeth due to the distance between the teeth and X-ray tube, the angle of the tube when radiographed, the morphological change of the film as well as the morphology and location of the teeth. However, TCVI and TCHI, measured in this research, are not significantly affected by the distortion, since they calculate the width and height of dental crown and pulp cavity with ratio.
Panoramic radiography is a familiar method for clinicians.
It allows to record every maxillomandibular tooth on a film in a short period of time and to observe the total teeth at TCVI of Drusini and Ikeda and TCHI of Kvaal, was found to be relatively more significant in every age group of females.
It is possible to apply the method to estimate ages of subjects which cannot be applied by other methods, such as burnt corpses, teeth with unrecognizable degrees of attrition, or radiographs only available for the estimation) and to reassess the estimation results after calculating with other regression formulae.
Finally, the result of this research proved that it is difficult to examine the degree of pulp cavity change in size by age on two-dimensional radiographs whose images are overlapped inevitably such as periapical radiographs, panoramic radiographs. Three-dimensional measurements by CT, etc can reduce the disadvantages of the two-dimensional radiography and there should be more studies regarding three-dimensional measurements in the future. 16) was calculated. The width of dental roots and pulps at the mesiodistal cementoenamel junction was measured, and the ratio of the measurements, named as the TCHI, was calculated and statistically analyzed. As a result, we derived conclusions as follows by applying the index to the age estimation method of the previous researcher (Drusini) using radiography. 2. In case of premolars and molars, the correlation between TCVI and age was found to be low (the maximum of 0.22).
3. In case of premolars and molars, the correlation between TCHI and age was found to be low (the maximum of 0.28). In other words, significance was found partially as a result of analyzing the difference between TCVI and TCHI of both sides with his method and it became grounds of our suggestion to use each left and right tooth as variables of regression formulae, when age estimation was conducted with the equations derived from this research.
In addition, estimated age of the subjects of this research which was calculated with the measurement from their radiographs by Drusini's method was found to be slightly different from their chronological age and it appeared to be difficult to apply his method for practical use. It proved that there is a difficulty to directly apply foreign methods of age estimation to Korean, although they are meaningful methods for age estimation of their own population groups.
Moreover, both TCVI and TCHI, indexes of individual tooth, decreased with age in every age and sex, but their correlation coefficients were not statistically significant.
Meanwhile, TCHI of every tooth presented higher or similar correlation coefficients compared with TCVI and it is possibly caused by the fact that TCHI measurements can be more precise than TCVI, since TCHI is affected more by the degree of attrition on the occlusal surface in case of molars.
However calculating regression formulae with TCVI for premolars and TCHI for molars will be a meaningful research since TCVI is more usable for single rooted teeth for setting their measuring points. In conclusions, it was not appropriate to apply the regression formulae derived from foreign population groups to
Korean and the age estimation method, using pulp cavity of premolars and molars of Korean on panoramic radiographs, was considered to have a limited applicability for practical use.
